We present the results of 74 new simulations of nonprecessing spinning black hole binaries with mass ratios q = m1/m2 in the range 1/7 ≤ q ≤ 1 and individual spins covering the parameter space −0.95 ≤ α1,2 ≤ 0.95 with one runs with spins of ±0.95. We supplement those runs with 107 previous simulations to study the hangup effect in black hole mergers, i.e. the delay or prompt merger of spinning holes with respect to non spinning binaries. We perform the numerical evolution for typically the last ten orbits before the merger and down to the formation of the final remnant black hole. This allows us to study the hangup effect for unequal mass binaries leading us to identify the spin variable that controls the number of orbits before merger as S hu ·L, where
I. INTRODUCTION
The breakthroughs [1] [2] [3] in numerical relativity enabled the detailed predictions for the gravitational waves from the late inspiral, plunge, merger and ringdown of black hole binary systems (BHB). The first generic, longterm precessing binary black hole evolution without any symmetry have been performed a decade ago in Ref. [4] , where a detailed comparison with post-Newtonian = 2, 3 waveforms was made. Gravitational waves from the merger of black holes have been now directly observed by LIGO: GW150914 [5] and GW151226 [6] during the first observing run O1 [7] , and GW170104 [8] , GW170608 [9] , and GW170814 (jointly with Virgo) [10] during the second observing run, O2. Direct comparison of targeted full numerical simulations with the first events of the observing run have been performed in [11] for GW150914 (with [12] providing the details of the simulation displayed in Fig. 1 of [5] ) and in [13] for GW170104.
Numerical relativity techniques allow us to explore the late binary dynamics, beyond the post-Newtonian regime. Notable early examples are, for instance, the study of the hangup effect, i.e. the role individual black hole spins play to delay or accelerate their merger [14] , and the determination of the magnitude and direction of the potentially large (up to 5000km/s) recoil velocity of the final merged black hole [15] [16] [17] , and the effects of precession, such as the flip-flop of individual spins during the orbital phase [18] [19] [20] .
In Refs. [21] and [22] we used 37 plus 71 original runs (and those available in the literature) to determine fitting formulae that relate aligned spin binaries orbital parameters (q, α 1 , α 2 ) to the final black hole mass, spin and recoil (m f , α f , V f ). Here we revisit this scenario and extend the study to investigate the hangup effect for unequal mass, nonprecessing binaries.
The paper is organized as follows. Next Section II describe the methods and criteria for producing the new simulations. In Sec. III we review the characterization of the hangup effect for numerical and post-Newtonian approaches. We set up new simulations of unequal mass binaries in Sec. IV to find an effective spin description of the hangup. In Section V we model the peak luminosity from the gravitational wave strain and its frequency as a function of the parameters of the precursor binary. In Sec. VI we use the new data to improve the remnant black hole mass, spin and recoil velocity fits. Sec.VII discusses correlations among the above quantities as directly obtained from the full set of 181 simulations. We conclude with a discussion in Sec. VIII of the use of these results in the modeling of gravitational waves and its potential extensions to precessing binaries.
II. FULL NUMERICAL EVOLUTIONS
We evolve the following BBH data sets using the LazEv [23] implementation of the moving puncture approach [2, 3] with the conformal function W = √ χ = exp(−2φ) suggested by Ref. [24] . For the run presented here, we use centered, sixth-order finite differencing in space [25] and a fourth-order Runge Kutta time integrator (Note that we do not upwind the advection terms.) and a 7th-order Kreiss-Oliger dissipation operator. This sixth-order spatial finite difference allow us to gain a factor ∼ 4/3 with the respect to the eight-order implemenarXiv:1801.08162v1 [gr-qc] 24 Jan 2018 tation due to the reduction of the ghost zones from 4 to 3. We also allowed for a Courant factor CF L = 1/3 instead of the previous CF L = 1/4 [26] gaining another speedup factor of 4/3. We verified that for this relaxing of the time integration step we still conserve the horizon masses and spins of the individual black holes during evolution and the phase of the gravitational waveforms to acceptable levels. This plus the use of the new Xsede supercomputer Comet at SDSC [27] lead to typical evolution speeds of 250M/day on 16 nodes, where M is the mass that defines the scale of the simulation. Note that our previous [19, 28] comparable simulations averages ∼ 100M/day. Our code uses the EinsteinToolkit [29, 30] / Cactus [31] / Carpet [32] infrastructure. The Carpet mesh refinement driver provides a "moving boxes" style of mesh refinement. In this approach, refined grids of fixed size are arranged about the coordinate centers of both holes. The Carpet code then moves these fine grids about the computational domain by following the trajectories of the two BHs.
We use AHFinderDirect [33] to locate apparent horizons. We measure the magnitude of the horizon spin using the isolated horizon (IH) algorithm detailed in Ref. [34] and as implemented in Ref. [35] . Note that once we have the horizon spin, we can calculate the horizon mass via the Christodoulou formula m H = m 2 irr + S 2 H /(4m 2 irr ) , where m irr = A/(16π), A is the surface area of the horizon, and S H is the spin angular momentum of the BH. In the tables below, we use the variation in the measured horizon irreducible mass and spin during the simulation as a measure of the error in computing these quantities. We measure radiated energy, linear momentum, and angular momentum, in terms of the radiative Weyl Scalar ψ 4 , using the formulas provided in Refs. [36, 37] . However, rather than using the full ψ 4 , we decompose it into andm modes and solve for the radiated linear momentum, dropping terms with > 6. The formulas in Refs. [36, 37] are valid at r = ∞. We extract the radiated energy-momentum at finite radius and extrapolate to r = ∞. We find that the new perturbative extrapolation described in Ref. [38] provides the most accurate waveforms. While the difference of fitting both linear and quadratic extrapolations provides an independent measure of the error.
In this paper we have performed a new set of aligned spin BBH simulations targeted at supplementing the existing ones toward completion of a data bank covering comparable BBH mass ratios down to 1:5. Figure 1 gives an overview of the new regions of parameter space covered in red (68 simulations) and the coverage of our previous studies in black (107). 6 additional simulations, designed for individual targeted studies are also included. The total of 181 simulations are used for the hangup studies of unequal mass, nonprecessing, binaries described in this paper. Table V including the initial data for all the new 74 simulations is provided in the appendix A. We also provide the values of the individual masses and spins once they settle to equilibrium values from the initial data radiation content in table VI as they provide a more physical reference value.
III. HANGUP
The hangup effect is the strongest dynamical effect spins of individual black holes have on their late time binary inspiral and merger [14] . This effect delays or prompts the merger speed of black hole binaries according to the sign of the spin-orbit coupling S· L, as this term has an additional repulsive (attractive) pull that is larger (smaller) than zero [39] . The strength of the effect on the merger process was first evaluated in [14] through full numerical simulations and was found to be much larger than expected from the post-Newtonian analysis. Follow up work confirmed the strength of the hangup effect up to very large spins [40, 41] .
The original work [14] was performed for equal mass, equal (anti-)aligned spins with the orbital angular momentum binaries. The hangup effect, as later shown in [42] , continues to be the most important effect in equal mass precessing binaries. Here we build on the data bank of simulations for (anti-)aligned spins binaries described in [21, 22, 43] and supplement it with 74 new simulations to analyze their dynamics in detail and determine what is the spin and mass ratio variables dependence that controls the hangup effect in the unequal mass binaries cases.
In addition to those aligned runs, here we also explore the interesting case of the possibility of having a residual hangup effect even if the total spin of the binary is zero. We would like to verify this directly on full nonlinear simulations of binary black holes independently of the PN expansions. Note that the assumption that the vanishing addition of the spins S = S 1 + S 2 = 0 leads to no effects has been used in developing some early models of the remnant formulae [44] .
In what follows we will use the following notation (the tilde over variables denote the dimensionless normaliza-
where m i is the mass of BH i = 1, 2 and S i is the spin of BH i. We also use the auxiliary variables
where | α i | ≤ 1 is the dimensionless spin of BH i, and we use the convention that m 1 ≤ m 2 and hence q ≤ 1. Here the index ⊥ and refer to components perpendicular to and parallel to the orbital angular momentum L. We also define unit vectors using "hat" labels, for instance as inL. There are two candidate effective spin parameters, S 0 and S ef f , that we can use to describe the hangup effects (the number of orbits to merger from a fiducial initial orbital frequency relative to the nonspinning case, as studied in the original work [14] ). They come from the 2PN Hamiltonian spin dynamics [39, 45] , where
where we will normalize effective spins to produce S 2 , the large black hole spin, in the extreme mass ratio limit.
A third candidate and a more explicit computation of the hangup effect can be derived from Kidder's [39] Eq. (4.16) that calculates the accumulated orbital phase of the binary from the evolution of the orbital frequency
where t i is the initial time considered (corresponding to a lower frequency ω i ) and t f is the final time at which the merger occurs (corresponding to an upper frequency ω f ).
The phase is then given by
The spin dependence gives the acceleration or delay of the spin orbit coupling, while it is also crucial to account for the change with spin of the final frequency ω f .
In our notation, the leading PN-dependence is given by 188 113
with 75/188 = 0.3989.
IV. SIMULATIONS
In order to evaluate the hangup effect dependence on the spins and the mass ratio of the binary we will make use of the 107 simulations we selected from the Refs. [21, 22, 43] and the current 74 presented in this paper. In order to quantify this hangup effect we count the number of orbits to merger (as measured by the peak of the amplitude of the (2,2)-mode of the h waveform) from an initial fiducial orbital frequency of ω i = 0.07. This value of ω i is chosen such that all the 181 simulations include cleanly this and higher frequencies in their waveforms The number of orbits are computed in an invariant way (as opposed to coordinate tracks) by counting (half) the number of cycles of the (2,2)-mode waveforms (extrapolated to an infinite observer location via [38] ). Table VII provides an account of the relevant parameters in this regard for the new 74 simulations.
The spatial resolution of each simulation can be described by a number NXXX, where XXX is related to the resolution of the grid in the wavezone. For example, a resolution tag of N140 would have resolution of M/1.40 in the wavezone. This global resolution factor is chosen such that the mass and spin are conserved to an acceptable degree, and in accordance with the convergence studies conducted in Refs. [21, 22] . The new runs presented here are in 3 families: q = 0.85 with resolution N120, q = 0.4142 with resolution N100, and q = 0.20 with resolution N120. From each family, a sample of simulations are produced at 3 resolutions to verify accuracy. Other additional runs added not in these series have resolutions of N100, N120, or N140.
We will study the hangup dependence of those 181 simulations on the variable
where C will be the fitting parameter that regulates the coupling to the total spin S with the "delta" combination δm ∆. Note that our study does not need to make reference to post-Newtonian expansions and uses only full numerical evolutions. The above variables in common with PN can be independently obtained from symmetry considerations (parity and exchange of 1 ←→ 2 BH labels) as discussed in [42, 46] . The results of a fitting of the form (where N is the number of orbits to merger for spinning binaries and N 0 the corresponding for nonspinning binaries from the same initial fiducial orbital frequency)
are presented in Fig. 2 . This shows the dependence of the hangup effect with respect to the nonspinning binaries. We see that this dependence can be expressed in terms of the spin variable to an excellent degree of approximation since C = 0.3347 from the fits. Note the small residual coefficient, 0.00532, for vanishing spins displaying the consistent subtraction of the nonspinning portion even for spinning binaries. The residuals panel on the bottom of Fig. 2 shows that all residuals are an order of magnitude smaller than its fit range above. Table I displays the comparative statistical properties of the fits if we use the alternative variables S 0 or S ef f as given in Eq. (5) and S P N as given in Eq. (9.
As a control study of the above results we designed two sequences of runs that check if there is a null hangup effect when either S = 0 or S 0 = 0.
By requiring that S = 0 we get
The maximum effect hence occurs for q max = √ 2 − 1 for any magnitude of α 1 .
We choose a few representative cases for α 1 = 0, ±0.4, ±0.8 to model the effect. that lead to α 2 = 0, ∓0.0686, ∓0.13726.
If we want to compare to something that we suspect will be closer to mimic the nonspinning case, we can set S 0 = 0. In that casẽ
implies
which gives˜
with a q max = 1/3. One can check that Since for q = 1/3 or q = √ 2 − 1, S(q) does not change by much around the maximum (-1/8 vs. -0.121), we can still use q = √ 2−1 as the reference q, with the advantage of direct comparison for the case S = 0. Hence we study 4 new runs with α 1 = ±0.4, ±0.8 to model the effect. that lead to α 2 = ∓0.1657, ∓0.33137.
A parameter space view of the runs we performed for those families (and others) is in the of Fig. 1 labeled as q = 0.4142.
Another control study is to try to perform similar studies with purely 3.5PN evolutions as used in Ref. [19] . Figure 3 displays a measure of the differential hangup effect further delaying or prompting merger of the full numerical evolutions with respect to the 3.5PN integrations. This residual differences (also depending on q) gives us a measure of how much stronger the effect is in full General Relativity. We also see that the variable that describes the effect is not simply S · L, but rather S f it something proportional to ( S + (0.53 ± 0.08)δm ∆) · L (see Table II) , that do not corresponds to the S 0 · L variable, that is a quasi-conserved quantity [47] .
We conclude that there are residual effects at PN level that are not as simply parameterized as for the purely full numerical evolutions with S hu . The end of the inspiral of two black holes is characterized by a plunge towards the formation of a highly distorted final single black hole. It is during this process that the black holes radiates the most power in the form of gravitational waves. One can thus identify the peak luminosity and the corresponding amplitude and the frequency (derived from the phase) of the gravitational waveforms. These quantities are of interest for gravitational wave observations and could be used as potential tests of general relativity (if measured independently) as there are theory of gravity specific relationships among them (as mentioned in [48] ). Other test of general relativity have been described and applied to observations in [7, 8, 49] .
In this section we make use of the new set of simulations to provide a more accurate modeling of the peak luminosity, amplitude and frequency.
A. Peak luminosity modeling
In Ref. [22] we proposed the following fourth order expansion to fit the peak luminosity
Where all N i are fitting parameters (as used in Ref. [21] ).
In Fig. 4 we display the agreement between the peak luminosity formula Eq. (19) (See also Ref. [22] ) with the whole set of 181 simulations provided in this paper. We have fitted to 16 out of the 19 coefficients here by choosing the 3 spinless coefficients, N 0 , N 2d , and N 4f to match the values found in Ref. [48] after an exceptionally accurate convergence study. Fitting independently all 19 coefficients produce values close to those assumed for the 3 nonspinning ones. This leads to larger residuals for the spin dependence, but an overall higher accuracy of the fitting formula. This hierarchical approach is similar to assigning the highest weight to those extrapolated nonspinning waveforms in [48] . The explicit values of those parameters as well as those obtained in the fitting here are provided in the appendix Table XV.
B. Peak amplitude and frequency modeling
In Ref. [48] we modeled the peak amplitude and peak frequency for the nonspinning binaries (See also independent studies in [50] [51] [52] ). Here we generalize those fitting formulae for the aligned spinning binary black hole mergers. (r/m)h peak 22
With all H i fitting parameters.
In Fig. 5 we display the agreement between the new peak amplitude formula given here with the updated set of simulations provided in this paper. We have fitted to 16 out of the 19 coefficients here by choosing the 3 spinless coefficients, H 0 , H 2d , and H 4f to match the values found in Ref. [48] after an extrapolation of accurate convergence sequence. This choice, while producing slightly larger residuals, should produce a more accurate overall fit. The explicit values of those parameters as well as those obtained in the fitting here are provided in the appendix Table XVI. Following again the introduction of the peak frequency for spinless binaries in Ref. [48] we generalize those fitting formulae for the aligned spinning binary black hole 
With all W i fitting parameters. In Fig. 6 we display the agreement between the new peak amplitude formula given here with the updated set of 181 simulations provided in this paper. We have fitted to 16 out of the 19 coefficients here by choosing the 3 spinless coefficients, W 0 , W 2d , and W 4f to match the values found in Ref. [48] after an extrapolation of an accurate three convergence sequence. Matching all 19 coefficients leads to values close to those previous work [48] for the nonspinning case, hence we assumed those values for our reduced fits. The explicit values of those parameters as well as those obtained in the fitting here are provided in the appendix B, Table XVI .
In summary, we find the fitting statistics as given in Table III We expect that the hierarchical approach followed in these fitting (use of accurate 3-parameters from the nonspinning binary cases), provides an accurate account of the phenomenology of the peak emission of gravitational waves. See also, for instance, the approach in Ref. [53] .
VI. REMNANT MODELING
The modeling of the final mass and spin as well as the recoil of the final merged black hole has been the subject of many studies ever since the numerical relativity breakthroughs [1] [2] [3] allowed the long term evolutions of binary black holes. The interest for such formulae have been recently renewed [53] [54] [55] as they provide important information for the modeling of waveforms [52, 56] and interpretation of the gravitational wave observations as well as providing consistency test for general relativity [8, 49] Below we make use to improve (notably for the recoil velocity) the current fitting formulae for the remnant properties of the final black hole with the new set of simulations.
A. Final Mass modeling
In Ref. [21] the fitting formula for the remnant mass M rem was given by,
With all 19 K i being fitting parameters.
In Fig. 7 we display the agreement between the latest final mass formula as in Eq. (22) (See also Ref. [22] ) with the whole set of simulations provided in this paper. Table  XIII gives mass via the isolated horizon formalism [34] we observe that those coefficients with nearly vanishing values can be adopted as precisely zero. Thus, Table XIV gives an alternative reduced set of 9 parameters fit. This may provide a helpful approach to extend these formulae to the precessing binaries case.
B. Final Spin Modeling
As in Ref. [21] the fitting formula for the final spin has the form,
With 19 L i fitting parameters. Note that the two formulae, for the remnant mass and spin, above impose the particle limit by including the ISCO dependencies (See Ref. [21, 57] for the explicit expressions). In Fig. 8 we display the agreement between the latest remnant spin formula as in Eq. (23) (See also Ref. [22] ) with the updated set of 181 simulations provided in this paper. Table XIII gives the 19 parameters for the final spin fit. Making use of the accurate determination of the final mass via the isolated horizon formalism [34] we observe that those coefficients with nearly vanishing values can be adopted as precisely zero. Thus, Table XIV gives an alternative reduced set of 10 parameters fit. As in the case of the final remnant mass, this reduced spin formula may prove useful to extend these formulae to the precessing binaries case. For instance, in Ref. [58] accurate results are found for the final spin by augmenting the nonprecessing formulae with in-plane spins and spin evolution.
We find that comparing the residuals for the mass and spins between the new and the previous fitting formulae implies a modest improvement, i.e. the RMS for the new mass fit is 2.62396e-04 compared to 2.90334e-04 for the fit of Ref. [22] . While for the final spin fit we find that the current RMS is 7.90772e-04 versus 8.15907e-04 for the Ref. [22] .
C. Final Recoil Modeling
We model the total recoil as in Ref. [21] V recoil (q, α i ) = v mê1 + v ⊥ (cos(ξ)ê 1 + sin(ξ)ê 2 ), (24) e 1 ,ê 2 are orthogonal unit vectors in the orbital plane, and ξ measures the angle between the "unequal mass" and "spin" contributions to the recoil velocity in the orbital plane, and with,
Where
and according to Ref. [48] we have A = −8712 km/s, and B = −6516 km/s and C = 3907 km/s. In Fig. 9 we display the agreement between the recoil formula as in Eq. (25) (See also Ref. [22] ) with the updated set of simulations provided in this paper. Table XV provides the 17 parameters for the aligned recoil formula.
In summary we find the fitting statistics as given in Table IV 
VII. FURTHER INSIGHT INTO THE RADIATIVE AND REMNANT RELATIONS
We observe an interesting set of correlations among the remnant and radiative merger variables as in Fig. 10 . Note that a similar correlation was pointed out independently in Ref. [59] between peak frequency and quasinormal modes of the remnant black hole.
We also found interesting correlations for the normalized energy radiated, E rad /η, and the final spin or peak frequency displayed in Fig. 11 . Note the slight broadening of the correlation between Energy and peak frequency for large values seems to be driven by three small mass ratio simulations. This suggest this region of parameter space should be supplemented with higher resolution and longer term simulations.
We note that we searched for other correlations among the peak, radiative, and final remnant values and did not find simple and accurate relations as those presented here for the three cases relating energy radiated, peak frequency and final spin in an universal way, independent of the (moderate) mass ratios studied here.
We also note that these relationships, valid for our simulations of binary black holes as governed by general relativity, could provide a test of the theory of gravity when combined with independent observations of such quantities by gravitational waves observatories. For instance, excess power plots measuring wave amplitude in time vs. frequency is commonly reported by LIGO analysis [60] . Another example would be combining the measurement of the final mass and spin from a quasinormal modes (see for instance [61] ) with a measurement of the total mass and mass ratio from the inspiral waveform to determine the total energy radiated. 
VIII. CONCLUSIONS AND DISCUSSION
We have performed 74 new simulations of unequal mass, spinning nonprecessing binary black holes to investigate the dynamics of their late inspiral and merger leading find that the hangup phenomena (acceleration/deceleration of merger with respect to the nonspinning case) can be represented at leading spin order by the following quantity
We observed a clear better match with respect to alternative effective description used in the modeling and post-Newtonian descriptions
We have also generated new simulations to add to the waveform data bank available for parameter estimation of gravitational wave observations [11, 62] , and soon to be included in a new release of the RIT waveform Catalog [43] (http://ccrg.rit.edu/~RITCatalog/). For in- stance, the lowest mass coverage of our full set of aligned runs used here is summarized in Fig. 12 Our simulations and results can also be used to improve "phenomenological models" by considering the use of S hu as the variable for aligned binaries instead of χ ef f =S 0 or χ P N =S P N (as used in [56] ). We display the coverage in this variable of our whole set of simulations from this paper and Refs. [59] and [22] in Fig. 13 . We observe that there is a lack of simulations in the regions of high spins (aligned or counteraligned) and the region of small mass ratios. While there are some simulations available in those regions we have not included them in this particular set of studies until we have a systematic coverage of those regions.
Finally, the new fits to the whole set of simulations, particularly improve the accuracy of the remnant recoil and peak luminosity, amplitude and frequency for applications to the observations of gravitational waves and tests of general relativity. In this appendix we provide the tables of the initial data (Table V) used to start the full numerical evolutions  and a Table VI with the mass and spin parameters after they settle into a more physical value from the initial conformal flatness mathematical choice by radiating it away (a fiducial t = 200M , within an orbit from start).
We also provide a Table VII with the initial orbital frequency and eccentricity as well as the number of orbits to merger and the final eccentricity, expected to be reduced from its initial value by gravitational radiation, at a rate proportional to d 19/12 according to [63] , with d, the separation of the binary (see, for instance, Fig. 6 of Ref. [64] or Fig. 9 in Ref. [19] ).
We provide a Table VIII with the values of the energy radiated during the simulation and the final black hole spin as measured through the (most accurate) isolated horizon formalism [34] . A Table IX with the recoil velocity completes the properties of the remnant black hole.
Finally, Tables X, provide the data of the peak amplitude and frequency of the gravitational wave strain of the (2,2) modes for the whole set of 181 simulations. Table V after 
